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ARTICLE INFO ABSTRACT
Handling Editor: Shoji Nakayama Background: Artisanal and small-scale gold mining (ASGM) is associated with release of neurotoxic metallic or
metalloid chemical elements including lead (Pb), mercury (Hg), cadmium (Cd) and arsenic (As).
Keywords: Objective: To examine associations between prenatal exposure and co-exposure to total lead (T-Pb), total mercury
];\ead’ 'Mercury (T-Hg), total cadmium (T-Cd) and total arsenic (T-As) and infant neurodevelopment at 6 to 12 months of age in
rsenic

areas with ASGM activities in Tanzania.

Co-exposure Methods: Women in their second trimester of pregnancy who resided in ASGM areas were enrolled from 2015 to
Artisanal and small-scale gold mining 2017 (n = 883). At 6 to 12 months of age, children were assessed with the Malawi Developmental Assessment
Neurodevelopmental impairment Tool (MDAT) (n = 439). We measured T-Pb, T-Hg, and T-Cd in maternal dried blood spots and T-As in maternal
urines. Poisson regression was used to examine associations between prenatal concentrations of these elements
and neurodevelopmental outcomes.

Results: Prenatal T-Hg concentration was associated with global neurodevelopment status (aPR 1.03,
CL:1.01-1.04; p < 0.001) and language impairment (aPR 1.05, CI:1.03-1.07; p < 0.001) on the MDAT. When
prenatal T-Hg and T-As values were at or above the human biomonitoring reference values (>95%) of the
German Environmental Survey for Human Biomonitoring, that is 0.80 pg/L and 15 ug/L, respectively, the
prevalence ratio of global neurodevelopmental impairment was two times higher (aPR 2.1, CI:1.0-4.3; p =
0.034). There was a 40% increase in the prevalence ratio of global neurodevelopmental impairment (aPR 1.4,
CL:0.90-2.10, p = 0.027), when prenatal T-Hg was at or above the reference value of 0.80 pg/L and T-Pb was at
or above the reference value of 35 pg/L. When prenatal T-Hg was at or above the reference value of 0.80 pg/L
and T-As was at or above the reference value of 15 ng/L, the prevalence ratio of global neurodevelopmental
impairment was two times higher (aPR 2.1, CI:1.0-4.3; p < 0.034).

Discussion: Infants born to women in areas with ASGM activities are at significant risk for neurodevelopmental
impairment and this is associated with exposure to higher concentrations of Hg prenatally. Co-exposure to high
concentrations of Hg and Pb, or Hg and As appeared to have negative potentiated effects on infants’
neurodevelopment.
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1. Introduction

Lead (Pb), mercury (Hg), cadmium (Cd) and arsenic (As) are
neurotoxic metallic or metalloid chemical elements that are ubiquitous
in the environment. They occur naturally but are also considered con-
taminants when their environmental concentrations are elevated due to
anthropogenic activity. A growing body of evidence suggests that pre-
natal and early-life exposure to these elements is a public health
concern. Many studies have reported that Pb can disrupt brain devel-
opment, especially when exposure occurs during fetal life and in early
childhood, having detrimental effects on neurodevelopment and
behavior even at low concentrations (Lanphear et al., 2005; Grandjean
and Landrigan, 2014). The neurotoxic effects of acute and chronic
exposure to high concentrations of Hg are well documented (Harada
1995), but reports on the neurodevelopmental effects of prenatal
exposure to methylmercury via the maternal diet have been mixed
(Barbone et al., 2019; Davidson et al., 2011; Debes et al., 2016; Oken
et al., 2005; Xu et al., 2016). Moreover, little is known about the neu-
rodevelopmental effects of prenatal exposure to elemental mercury from
activities such as artisanal and small-scale gold mining (Bose-O’Reilly
et al. 2010). Limited research has suggested that early life exposure to
Cd is associated with poorer social and cognitive functioning in young
children (Gustin et al., 2018; Kippler et al., 2012). Finally, prenatal
exposure to As from drinking water has been associated with cognitive
impairments among children as young as five years of age (Tolins and
Ruchirawat, 2014; Tyler and Allan, 2014).

Exposure to metallic and metalloid elements rarely occurs in isola-
tion and co-exposure is likely the norm. Studies investigating the
interactive effects of co-exposure to these elements on neuro-
developmental outcomes are limited (Freire et al., 2018; Kim et al.,
2013; Sanders et al., 2015; Valeri et al., 2017). Kim et al (2013) found an
antagonistic dose-dependent interaction between co-exposure to Pb and
Cd in early pregnancy (<20 weeks gestation) and cognitive development
at 6 months of age. Freire et al. (2018) reported a synergistic effect
between prenatal Pb and As concentrations in placenta tissue with
respect to general cognitive performance at 4-5 years of age, but an
antagonistic interaction between Hg and manganese on the same pop-
ulation. Valeri et al. (2017) reported that prenatal exposure to As,
manganese and Pb negatively affected cognitive scores at 20 to 40
months of age when blood metal concentrations were above the 60th
percentile.

Much of the research investigating the effects of prenatal exposure to
neurotoxic elements has been conducted in high income countries;
however, the prevalence and magnitude of exposure can be higher in
economically deprived areas of the world (Grandjean et al., 2015).
Artisanal and small-scale gold mining (ASGM) is a global activity con-
ducted mainly in low- and middle-income countries and has been
associated with the release of neurotoxic metallic and metalloid ele-
ments into the environment (Nyanza et al. 2014). Individuals in ASGM
communities, including women of reproductive age and children, are
exposed neurotoxic metallic elements through various pathways
including the water they drink, food they eat, air they breathe, and soil
in which their food is grown (Nyanza et al., 2014; UNEP, 2013). These
elements can accumulate in maternal blood and cross the placental
barrier and could have significant long-lasting effects on neuro-
development (Grandjean and Landrigan, 2014; Sanders et al., 2015).
This study investigated the associations between maternal co-exposure
to total Pb, Hg, Cd, and As during pregnancy and infant neuro-
development in areas with ASGM activities in Tanzania. We hypothe-
sized that higher prenatal co-exposure to these chemical elements would
be associated with adverse neurodevelopment.
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2. Methods
2.1. Study design and participants

This study is part of the ongoing Mining and Health prospective
longitudinal study in Northern Tanzania. Between 2015 and 2017,
women in their second trimester of pregnancy who had resided in areas
with ASGM activities for more than six months were recruited during
antenatal care clinic visits and followed until pregnancy outcome was
registered. A total of 905 women consented to participate in the study,
but 22 failed to complete the scheduled interview or bioindicator sam-
pling. In addition, women with an adverse birth outcome (n = 184), no
record of birth outcome (n = 95), a multiple birth (n = 2) or whose
infant was identified with a visible congenital anomaly (n = 12) were
excluded from the study (Nyanza et al. 2020). An additional 151 women
were lost to follow-up. This resulted in a sample of 439 mother—child
pairs (Figure S1). Maternal blood concentrations of Pb, Hg, and Cd and
urine concentrations of As were measured during the second trimester of
pregnancy and infants participated in a neurodevelopmental assessment
between 6 and 12 months of age (infant mean age 7.92 + 1.77 months).
The Catholic University of Health and Allied Sciences and Bugando
Medical Centre’s Joint Ethics and Research Review Committee (BREC/
001/38/2014), University of Calgary Conjoint Health Research Ethics
Board (REB14-2051), and Tanzania National Institute for Medical
Research (MR/001/38/2014) approved the study. Permission was ob-
tained from relevant health authorities at the regional and district levels
in Geita. Pregnant women over 18 years of age provided written
informed consent; pregnant women younger than 18 years of age pro-
vided assent, and their parents or guardians provided informed consent.
If women had low literacy levels, a witness read the consent form and a
thumbprint indicating consent was obtained (Nyanza et al. 2019a).

2.2. Maternal Lead, Mercury, cadmium and arsenic concentrations

Dried blood spots (DBS) were used to measure total lead (T-Pb), total
mercury (T-Hg), and total cadmium (T-Cd) concentrations, while
maternal spot urine samples (~20 mL) were used to measure total
arsenic (T-As) concentrations. DBS and spot urine samples were
collected on the same day after a face-to-face interview was completed
with the participant. All samples were collected between 16 and 27
weeks gestational age. Spot urine samples were collected in acid washed
polyethylene containers and preserved with 1% hydrochloric acid and
stored below —8°C prior to shipment to the laboratory to prevent bac-
teria growth and absorption of the analytes. For DBS collection, a drop of
capillary blood was collected on filter paper (Whatman #903) following
a simple finger prick as previously described and validated (Nyanza
et al. 2019b). To ensure the validity and reliability of the DBS results,
quality control measures were instituted during sample collection and
processing (see Nyanza et al., 2019a; 2019b). Briefly, field and labora-
tory blanks (i.e., blank Whatman #903 filter papers) were integrated
into sampling and analytical procedures to account for possible
contamination. To avoid exposure misclassification, method detection
limits (MDLs) (0.08, 0.012, and 0.004 pg/L for Pb, Hg, and Cd, respec-
tively) were determined based on field blanks (i.e., mean + 3 times
standard deviation). Also, for every batch of 10 samples analyzed,
Laboratory Seronorm reference material (SRM), L-2®, (from Sero AS,
Billingstad, Norway) were run to assess the accuracy of the analytical
procedure. In addition, after every 20 DBS samples, a replicate second
sample from the same participant was analyzed under identical labo-
ratory conditions. The DBS replicate mean analytical precision
was<10% relative standard deviation. DBS samples were also compared
to venous blood samples from the same participant, and among 44
participants a strong correlation (r? > 0.9), and a slope close to 1.0
between DBS concentration and quantitative venous blood indicated
high accuracy of the method (Nyanza et al. 2019b).

The DBS and urine samples underwent microwave-assisted closed
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vessel acid digestion at 170 °C for 30 min. All punched DBS and blank
filter paper samples were adjusted to a volume of 5 mL after digestion.
To determine chemical element concentrations from DBS, the mass of
dry blood in each spot was first measured. This was done by subtracting
a blank filter paper punch from the same lot from the dried blood spot
punch. The range of dried blood mass corresponded to 45 to 55 uL of wet
whole blood (Nyanza et al. 2019b). For field blanks, a volume of 50 uL of
blood was assumed (Li et al. 2014 Nyanza et al. 2019b). The concen-
tration of chemical elements in the sample and filter blank digests were
determined by inductively coupled plasma mass spectrometry (ICP-MS;
PerkinElmer, Shelton, CT, USA) (ug/L) (Chaudhuri et al. 2009). Multiple
isotopes were monitored for each of the chemical elements and all re-
sults were within 10% relative standard deviation, indicating precision
of the chemical analysis (Nyanza et al. 2019b). This analysis was
completed at an ISO 17025 accredited laboratory (ALS Scandinavia,
Sweden) (Nyanza et al. 2019b).

2.3. Infant neurodevelopment assessment

The Bayley Scales of Infant Development (BSID) have been used to
assess the developmental outcomes of children exposed to methylmer-
cury and arsenic (e.g., Davidson et al., 1995; Tofail et al., 2009). How-
ever, tools developed and validated in Western countries, such as the
BSID, can provide misleading findings in different cultural settings
where some items are unfamiliar and standardized norms for local pe-
diatric populations are not available. Therefore, in the current study, we
used the Malawi Developmental Assessment Tool (MDAT), a culturally
appropriate tool, to assess infant neurodevelopment between 6 and 12
months of age (Gladstone et al. 2010). The MDAT has been validated for
use in children up to six years of age in rural sub-Saharan Africa
(Gladstone et al. 2010). and has been shown to have excellent internal
reliability (Kappa > 0.75 for 99%) and good sensitivity (97%) and
specificity (82%) (Gladstone et al. 2010). It assesses four domains of
function: gross motor, fine motor, language and social. In the present
study, alpha coefficients for the items in the gross motor, fine motor,
language, and social were 0.91, 0.89, 0.91, and 0.94 respectively. The
MDAT was translated into Kiswahili language and pre-tested prior to
study initiation.

Public health nurses at local health facilities were trained to
administer the MDAT according to procedures outlined in the MDAT
administration manual (Gladstone et al. 2010). Briefly, the nurses were
provided information on child development from infancy to 6 years of
age and on ethical issues related to the conduct of research with children
(Gladstone et al., 2010; Dewey et al., 2018). This was followed by a
session that provided training and practice in calculating children’s
chronological ages and administrating the assessment measure. To in-
crease the reliability of the assessment and to reduce potential biases,
two public health nurses participated in and scored the assessment for
each child; after each assessment the nurses compared their scores on
each item and reconciled any scores where a difference was noted
through discussion (Gladstone et al. 2010). The nurses who conducted
the assessments were blinded to the prenatal exposure concentrations of
the children.

For each domain, a total score was computed by summing the
number of items that a child passed at the 90% percentile level for their
age. The scores in each domain could range from O to 34. Children’s
scores were classified as follows: 1) normal outcome if they performed
> 90th percentile level on all of the items in that domain or < 90th
percentile on one or two items in the domain; or 2) impaired if they
performed < 90th percentile on more than two items in a domain. In-
fants were also classified in terms of global neurodevelopment status;
infants who displayed a normal outcome on all domains were classified
as normally developing and infants who were impaired on at least one
domain were classified as displaying neurodevelopmental impairment.
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2.4. Covariates

Covariates were selected based on research evidence that indicated a
potential influence on prenatal maternal concentrations of chemical
elements (Nyanza et al. 2019a) or infant neurodevelopmental outcomes
(Kim et al., 2013; Freire et al., 2018). Structured self-report question-
naires administered during pregnancy and follow-up (at birth and at 6 to
12 months of age) were used to obtain information on maternal age at
birth, maternal education, maternal and paternal occupation, number of
under-five siblings at home, and family socioeconomic status. In rural
low-income settings, an individual’s income is difficult to determine
(Vyas and Kumaranayake 2006). Traditional indicators, similar to those
used in Demographic and Health Surveys (TDHS-MIS 2017), which
measure asset ownership (e.g., ownership of house or bicycle, home
sanitation facilities), were used to estimate participants’ socioeconomic
wealth quintiles (SEWQ) (Vyas and Kumaranayake 2006). Data on in-
fant sex, age, birthweight, height and weight were obtained at the
neurodevelopmental assessment. Birthweight was categorized as low (i.
e., <2500 g) or normal (i.e., >2500 g). Since nutritional status has an
influence on child development (UNICEF-WHO, 2012), we measured
height and weight at the time of the assessment as a proxy for nutritional
status and compared it to the World Health Organization (WHO) refer-
ence population norms for children (WHO 2010). Cut-off Z-scores and
their standard deviations from the WHO norms were used to classify
children’s nutritional status according to three indices (i.e., under-
weight: Z-score < -2SD from the median weight for age; stunting: <-2SD
from the median weight for height; wasting: <-2SD from the median
height for age) (Anthro for personal computers, version 3.2.2. WHO
Geneva, Switzerland, 2010).

2.5. Statistical analysis

Statistical analyses were performed using Stata version 14.1 (Stata
Corp LP®, College Station, Texas, USA). Findings were summarized as
means or medians with their corresponding measures of dispersion for
continuous variables; frequencies with their respective percentages
were used for categorical variables. Poisson regression models were used
to estimate associations between prenatal concentrations of Pb, Hg, Cd,
and As, selected covariates and neurodevelopmental outcomes. All of
the covariates were retained in the univariate analysis to avoid the loss
of potential confounders and were included in the multivariate regres-
sion model to build a core model. In the multivariable models, neuro-
developmental impairment was adjusted for all the covariates studied.
Covariates showing a significant association with neurodevelopmental
outcome at p < 0.20 in the final multivariate regression models are
presented on Table 5. In all cases, inferences were made using 95%
confidence intervals. A p-value of p < 0.05 was considered statistically
significant.

Since neurodevelopmental impairment was common (prevalence >
10%), modified Poisson regression was used to estimate the prevalence
ratios (PRs) and their 95% confidence intervals (CI). Robust standard
errors were used in the Poisson regression models to ensure that the
error for the estimated relative risk would not be overestimated (Chen
et al., 2018; Tamhane et al., 2016; Zou, 2004). This is the preferred
method for estimating predictors when utilizing logistic models and has
been found to be appropriate when the prevalence of the outcome is
common (Chen et al., 2018; Tamhane et al., 2016;).

Prenatal metallic or metalloid chemical elements were investigated
for interaction effects on neurodevelopmental outcome. Spearman cor-
relation coefficients were used to assess the relationships between T-Pb,
T -Hg, T-Cd and T-As concentrations. To investigate the effects of co-
exposures to T-Pb, T-Hg, T-Cd, and T-As, maternal prenatal concentra-
tions were treated as dichotomous (i.e., those that were below the
reference values versus those that were at or above the reference values).

Reference values are derived from population-based studies and can
be used to classify measured levels of chemical elements in individuals
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or population as elevated or not elevated. They are established based on
statistically derived values indicating the upper margin of background
exposure (95th centile) to a given chemical element in a given popula-
tion at a given time (Schulz et al. 2009). Maternal human biomonitoring
reference values for Pb, Hg, Cd and As have not been established and
there are no established reference values for Tanzania or other Sub-
Saharan Africa countries (Nyanza et al. 2019a). The developing fetus
is far more sensitive to toxic chemical exposure than adults and some of
developmental processes, such as cognition may be particularly
vulnerable (Landrigan & Goldman, 2011). Therefore, we chose to
compare the prenatal levels of T-Pb, T-Hg, T-Cd, and T-As among
pregnant women in this study to the lowest human biomonitoring
reference values for children that are presently available. These were
established by the German Environmental Survey for Human Bio-
monitoring (GerEsIV) (Schulz et al. 2009); 35.0, 0.80, 0.30, and 15.0,
ug/L for T-Pb, T-Hg, T-Cd, and T-As, respectively.

3. Result
3.1. Characteristics of the study participants

Comparison of participants who participated in neurodevelopmental
assessments and those who were lost to follow-up revealed no significant
group differences in SEWQ (¥2 = 5.37, p = 0.068), maternal age (y2 =
29.92, p = 0.572), maternal education (y2 = 0.989, p = 0.320),
maternal occupation (y2 = 3.36, p = 0.186), paternal occupation (32 =
0. 1.38, p = 0.501), presence of under-five siblings in the home (y2 =
0.3.46, p = 0.063), child sex (y2 = 0.597, p = 0.785), birth outcome (32
= 0.485, p = 0.466), place of delivery (2 = 2.19, p = 0.334), gestational
age at birth (2 = 20.47, p = 0.275), or birth weight (y2 = 42.74, p =
0.051). The descriptive characteristics of the families and children who
participated (n = 439) in the present study are presented in Table 1.

3.2. Maternal prenatal concentrations of metals and metalloids

Median concentrations of the four analytes were 27.2 (IQR =
17.2-42.5), 1.2 (IQR = 0.8-1.7), 0.20 (IQR = 0.2-0.3), and 8.3 (IQR =
4.5-14.9) pg/L, for T-Pb, T-Hg, T-Cd, and T-As, respectively (Table 2).
For T-Hg, the majority of prenatal samples (n = 336, 76.5%) were above
the GerEsIV reference value of 0.80 pg/L (Schulz et al. 2009). For T-Pb
(n = 275, 62.6%), T-Cd (n = 370, 84.3%), and T-As (n = 331, 75.4%)
most of the samples were below the GerEsIV reference values. Spearman
correlations revealed significant positive correlations between T-Cd and
T-Pb (p = 0.26, p < 0.001). No significant correlations were found be-
tween any other chemical elements (Figure S2).

3.3. Neurodevelopmental outcome of infants

Based on global neurodevelopment status classification, almost one-
third of the infants (31.0%) met criteria for neurodevelopmental
impairment. On specific domains of the MDAT, 13.9% (n = 61) were
classified as impaired in gross motor skills, 15.3% (n = 67) in fine motor
skills, 15.5% (n = 68) in language skills, and 6.8% (n = 30) in social
skills (Table 3).

3.4. Multivariable regression analyses

Unadjusted univariate analyses revealed that prenatal T-Hg con-
centration was associated with global neurodevelopmental status and
language skills (Table S1). In adjusted models, prenatal T-Hg concen-
tration was significantly associated with global neurodevelopment sta-
tus (Table 4); for a 1 pg/L increase in blood T-Hg, the prevalence ratio
for global neurodevelopment impairment increased by 3% (aPR 1.03,
CL:1.01-1.04; p < 0.001). T-Hg was also associated with a significantly
higher prevalence ratio for language impairment; for every 1 pg/L in-
crease of T-Hg in maternal prenatal blood, the prevalence ratio of
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Table 1
Family and infant characteristics (N = 439).

Family characteristics N (%)

Mothers median age at enrollment (years) (Median: 25, IQR: 20-30)
Age group of mothers

14-24 210 (47.8)
25-34 175  (69.7)
35+ 54 (12.3)
Socioeconomic wealth quintile

Good or High (>9) 65 (14.8)
Moderate (6-9) 224 (51.0)
Low (<6) 150 (34.2)
Mother’s education

No formal education 94 (21.49)
At least primary education 345 (78.6)
Mother’s occupation

Farm/Animal keeping 381 (86.8)
Mining 27 (6.2)
Business &Public servant 31 (7.0)
Paternal occupation

Farm/Animal keeping 263  (59.9)
Mining 130  (29.6)
Business & Public Servant 46 (10.5)
Presence under-fives in home

Yes 346  (78.8)
No 93 (21.2)
Infant Characteristics

Mean age at assessment (months)(mean: 7.9 + 1.8)

Sex

Male 213 (48.6)
Female 225 (51.4)
Place of birth

Health facility 297 (68.1)
Home 139 (31.9)
Median gestational age at birth (weeks)(median: 37, IQR: 28-37)

Birth weight

<2500 gm 72 (16.49)
> 2500 gm 367 (83.6)
Median weight for age score (median: 0.50, IQR: —0.3-1.2)

Underweight

Yes 10 2.3)
No 423 (97.7)
Median height for age score (median: —3.4, IQR: —4.7-1.7)

Stunted

Yes 323 (73.6)
No 116  (26.4)
Median weight for height score(median: 3.2, IQR: 1.8-4.8)

Wasted

Yes 15 (3.4)
No 424 (96.6)

Note: Underweight — (i.e., Z-score < -2SD from the median weight for age of the
WHO reference population); Stuned — (i.e., Z-score < -2SD from the median height
for age of the WHO reference population); Wasted — (i.e., Z-score < -2SD from the
median weight for height of the WHO reference population) (Anthro for personal
computers, version 3.2.2. WHO Geneva, Switzerland, 2010).

language impairment increased by 5% (aPR 1.05, CI:1.03-1.07; p <
0.001).

Stratification analyses by sex revealed significant associations be-
tween increased prenatal T-Hg exposure, and language impairment
(boys: aPR 1.05 (1.04-1.07), p < 0.001; girls: aPR 1.21 (1.16-1.27),p <
0.001) and global neurodevelopmental impairment (boys: aPR 1.03
(1.02-1.048), p < 0.001; girls: aPR 1.10 (1.06-1.14), p < 0.001)
(Table S2). Female infants displayed an increased risk of social impair-
ment with increased T-As levels (aPR 1.01 (1.00-1.02), p < 0.05),
whereas male infants displayed increased risk of global neuro-
developmental impairment with increased prenatal T-Cd levels (aPR
2.55 (1.33-4.87), p < 0.05).

3.5. Individual and Co-Exposure effects and global neurodevelopmental
impairment

Using the reference values established by the GerEsIV, the
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Table 2

Maternal prenatal blood concentrations of T-Pb, T-Hg, T-Cd and urinary concentrations of T-As among participants (N = 439).
Prenatal Exposure Concentrations*(ug/L) N (%) P10 P25 Median (95% CI) P75 P95 Max
Median T-Pb 11.6 17.2 27.2 (25-30.3) 42.5 85.8 145
<35 275 (62.6)
>35 164 (37.4)
Median T-Hg 0.60 0.80 1.2 (1.1-1.3) 1.7 3.8 72.0
<0.8 103 (23.4)
>0.8 336 (76.5)
Median T-Cd 0.14 0.21 0.20 (0.20-0.21) 0.30 0.50 1.5
<0.3 370 (84.3)
>0.3 69 (15.7)
Median T-As 2.8 4.5 8.3 (7.4-9.3) 14.9 38.2 21.3
<15 331 (75.4)
>15 108 (24.6)

*We dichotomized T-Pb, T-Hg, T-Cd, and T-As based on human biomonitoring reference values established by the GerESIV of 35.0 ug/L, 0.80 pg/L, 0.30 ug/L, for blood
lead, mercury, and cadmium, and 15 pg/L for urinary arsenic (Schulz et al. 2009). CI, confidence interval; ug/l, microgram/liter; P, percentile; T-Pb, total lead; T-Hg,

total mercury; T-Cd, total cadmium; T-As, total arsenic.

Table 3
Children meeting the criteria for normal or impaired neurodevelopment on the
MDAT (N = 439).

Developmental Outcome Normal Impaired

N (%) N (%)
Global Neurodevelopmental status 303 (69.0) 136 (31.0)
Gross motor 378 (86.1) 61 (13.9)
Fine motor 372 (84.8) 67 (15.3)
Language skills 371 (84.5) 68 (15.5)
Social domain 409 (93.1) 30 (6.8)

prevalence ratio of global neurodevelopmental impairment was 80%
greater for infants prenatally exposed to T-Hg at or above the reference
level of 0.80 pg/L (aPR 1.8, CI:1.3-2.4; p < 0.001). When prenatal
concentrations of T-Pb were at or above the reference value, the prev-
alence of global neurodevelopmental impairment increased by 20%
(aPR 1.2, CI:1.01-1.4; p = 0.037). No significant effects were noted for
T-Cd and T-As. Examination of co-exposure interactions revealed that
the prevalence ratio of global neurodevelopmental impairment was 2
times higher (aPR 2.1, CI:1.0-4.3; p < 0.034) when prenatal T-Hg was at
or above the reference value and T-As was at or above the reference
value of 15 ug/L. The interaction between T-Hg and T-Pb revealed a 40%
increase in the prevalence ratio of global neurodevelopmental impair-
ment (aPR 1.4, CI:0.90-2.10, p = 0.027), when prenatal T-Hg was at or
above the reference value and T-Pb was at or above the reference value

Table 4

of 35 pg/L. No other significant interactions were predictive of global
neurodevelopmental outcomes (Table 5).

4. Discussion

This study revealed that many infants born to women living in areas
with ASGM activities in Northern Tanzania are exposed to higher than
recommended concentrations of Pb, Hg, Cd, and As during gestation.
Higher concentrations of exposure to Hg were associated with a higher
risk of global neurodevelopmental impairment and language impair-
ment. Prenatal exposure to Pb and Hg at or above the reference values
established by the GerEsIV was associated with a significantly increased
prevalence of global neurodevelopmental impairment. Examination of
the effects of co-exposures revealed that prenatal T-Hg exposure con-
centrations at or above the reference level of 0.80 pg/L were associated
with global neurodevelopmental impairment among infants during the
first year of life in the presence of either T-As or T-Pb at or above their
reference values of 15 and 35 pg/L respectively. Thus, while As and Pb
alone were not associated with poorer neurodevelopment, when com-
bined with Hg they potentiated the adverse effects of Hg on neuro-
developmental outcomes.

The results of the present study support our hypothesis that prenatal
exposure to metallic or metalloid elements in areas with ASGM activities
is associated with neurodevelopmental impairment among infants. Our
findings of associations between higher concentrations of prenatal
exposure to Hg and global neurodevelopmental impairment and

Adjusted associations between neurodevelopmental status (i.e., impaired versus normal) and exposure to lead, mercury, arsenic or cadmium and covariates (with p-
value < 0.20) using multivariable Poisson regression analysis (adjusted prevalence ratio - aPR).

Variables Gross motor Fine motor Language Social status Global neurodevelopmental status
aPR (95% CI) aPR (95% CI) aPR (95% CI) aPR (95% CI) aPR (95% CI)

T-Pb (ug/L) 1.0 (0.9, 1.0) 1.0 (0.9, 1.0) 1.0 (1.0, 1.0) 1.01 (1.0, 1.02) 1.0 (0.9, 1)

T-Hg (ug/L) 0.9(0.9,1.1) 1.02 (0.9, 1.1) 1.05 (1.03, 1.07) ** 0.9(0.8, 1.1) 1.03 (1.01, 1.04) **

T- Cd (ug/L) 0.9 (00.13-2.4) 2.0 (0.3,13.0) 1.4 (0.5, 3.7) 0.3(0.1, 1.8) 0.8(0.4, 1.9

T-As (ug/L) 0.9 (0.9-1.0) 1.0 (0.9, 1.01) 1.1 (0.9, 1.0) 1.0 (0.9, 1.01) 1.0 (0.9, 1.0)

Socioeconomic wealth quintile

High (>9) 1.2 (0.6, 2.2) 0.7 (0.5, 1.2) 0.7 (0.3, 1.6) 1.2 (0.7, 2) 1.1 (0.9, 1.4)

Moderate (6-9) Ref Ref Ref Ref Ref

Low (<6) 0.7 (0.4,1.2) 0.7 (0.5, 1.9) 1.1 (0.6, 1.9) 0.6 (0.3,1.9) 0.7 (0.6, 1.9)

Infant age at assessment (months) 1.3(1.1, 3.4 1.5 (1.4, 1.6) ** 0.11 (0.1, 0.2) ** 1.1@1,2.7)* 0.5 (0.5, 0.6) **

Low birth weight

Yes (<2500 gm) 0.5 (0.2,1.9) 1.7 (1.2, 2.3) ** 1.4 (0.5, 3.4) 1.3 (0.5, 3.3) 0.6 (0.3-1.4)

No (>2500 gm) Ref Ref Ref Ref Ref

Sex of infant

Male Ref Ref Ref Ref Ref

Female 1.7 (1.1-2.5) ** 1.3 (0.8, 2.1) 0.9 (0.6, 1.5) 1. 3(0.8, 2.2) 1.4 (0.9, 2.1)

Note: T-Pb, T-Hg, T-Cd and T-A were added into the final models as locked terms despite their levels of statistical significance. The models were adjusted for all
covariates. aPR = adjusted prevalence ratio; CI, confidence interval; gm, grams; T-Pb, total lead; T-Hg, total mercury; T-Cd, total cadmium; T-As, total arsenic; ug/L,

microgram/liter. *p < 0.05; **p < 0.001



E.C. Nyanza et al.

Table 5
Individual and co-exposure effects of prenatal exposure to Pb, Hg, Cd and As
above Germany Environmental Survey IV reference levels.

Interaction Models Global Neurodevelopmental Status

aPR (95% CI) p-value
Effect of T-Pb > 35 (ug/L) 1.2 (1.01-1.4) 0.037
T-Hg > 0.80 1.1 (0.9-1.4) 0.277
T-Cd > 0.30 1.01 (0.7-1.5) 0.472
T-As > 15 1.3 (0.9-1.8) 0.246
Effect of T-Hg > 0.8(ug/L) 1.8 (1.3-2.4) <0.001
T-As > 15 2.1 (1.0-4.3) 0.034
T-Cd > 0.30 2.9 (0.5-18) 0.074
T-Pb > 35 1.4 (0.9-2.1) 0.027
Effect of Cd > 0.3 (ug/L) 0.9 (0.7-1.1) 0.349
T-As > 15 0.8 (0.5-1.2) 0.225
T-Hg > 0.80 0.9 (0.7-1.1) 0.374
T-Pb > 35 0.8 (0.6-1.1) 0.094
Effect of T-As > 15 (ug/L) 1.02 (0.8-1.2) 0.707
T-Hg > 0.80 1.04 (0.8-1.3) 0.969
T-Cd > 0.30 0.9 (0.6-1.5) 0.351
T-Pb > 35 1.1 (0.8-1.4) 0.900

Note: The interaction models were simultaneously adjusted for all the chemical
elements and interaction terms in the regression model. aPR = adjusted preva-
lence ratio; CI, confidence interval; gm, grams; T-Pb, total lead; T-Hg, total
mercury; T-Cd, total cadmium; T-As, total arsenic; pg/L, microgram/liter.

language impairment are consistent with those of a recent study in Spain
that reported that higher concentrations of prenatal exposure to Hg
based on placental concentrations were associated with poorer verbal
functions in children at 4 to 5 years of age (Freire et al. 2018). Similarly,
a study in the USA reported associations between higher concentrations
of prenatal Hg exposure and poorer cognitive and psychomotor skills in
infants at six months of age (Oken et al. 2005). The total prenatal
mercury concentrations in the current study (median 1.2, Range 0.80 —
1.7 ug/L) are relatively elevated compared to those reported by Freire
et al.(2018) in Spain (Median 0.025, Range 0.016 — 12.95 pg/L), and by
Oken et al (2005) in the USA (mean 0.55, Range 0.02 — 2.38 ug/L).
However, the studies of Freire et al. (2018) and Oken et al. (2005) were
carried out in non-ASGM communities where exposure to Hg was mainly
from fish consumption.

Despite this converging evidence, some studies have reported con-
tradictory findings. Studies conducted in Italy and the United Kingdom
that examined the effects of prenatal Hg exposure from ingested seafood
have reported no association between Hg concentrations and impaired
child neurodevelopment between 6 and 42 months of age (Deroma et al.,
2013; Golding et al., 2016). It is important to note that fish and seafood
contain nutrients such as vitamin D, choline and docosahexaenoic acid
(DHA) (Wu et al. 2013) that are important for brain development
(Zeisel, 2006; Lauritzen et al., 2016). Fish and seafood consumption
have also been associated with improved neurodevelopment (Daniels
et al., 2004; Oken et al., 2008; Nyaradi et al., 2013). As a result, nutri-
ents associated with fish consumption could confound the effects of low
dose prenatal Hg exposure on children’s neurodevelopment (Oken et al.
2008). However, in the present study, we did not document fish con-
sumption among participants.

The finding that prenatal Pb concentrations at or above the reference
values of 35 pg/L were associated with impaired global neuro-
development supports previous reports that have linked prenatal Pb
exposure to communication deficits, hyperactive behaviour and atten-
tion deficits at 6 months (Jedrychowski et al. 2007) and 2 to 10 years
(Schnaas et al., 2006; Wasserman et al., 2007). These findings support
the need for actions that minimize Pb exposure in ASGM areas of
Tanzania.

In previous research, we recommended the avoidance of geophagy
practices (i.e., soil eating) during pregnancy as the soil and the soil sticks
sold in local markets have been found to contain significant amounts of
Pb (Msoffe et al. 2018). Reducing or eliminating such practices during
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pregnancy could result in lower concentrations of prenatal exposure to
Pb and possibly other chemical elements among infants of women living
in ASGM areas and potentially result in better neurodevelopmental
outcomes.

In contrast to previous research (Hamadani et al., 2010, 2011; Par-
ajuli et al., 2013; Roy et al., 2011; Von Ehrenstein et al., 2007; Was-
serman et al., 2007), we did not find any associations between higher
concentrations of prenatal exposure to As and neurodevelopmental
impairment (except for female infants on the Social domain of the MDAT
when stratifying by sex). This discrepancy could be because the children
in our cohort were very young, 6-12 months of age, unlike most pre-
vious research, which assessed developmental outcomes between 5 and
15 years. Studies that have examined the effects of prenatal exposure to
As on neurodevelopment have typically reported that associated prob-
lems are not evident until later childhood (Hamadani et al., 2010, 2011;
Parajuli et al., 2013; Parvez et al., 2011; Roy et al., 2011). Also, previous
studies in As endemic areas in Bangladesh, Taiwan, and West Bengal,
India, have investigated neurodevelopmental outcome in communities
exposed to high concentrations of As, above 50 pg/L from drinking
water (Wasserman et al., 2007; Von Ehrenstein et al., 2007). In a pre-
vious study in these ASGM communities in Tanzania, As concentrations
in drinking water were found to have a mean concentration of 10.5 pg/L
(Nyanza et al. 2014), which is much lower. Therefore, it is possible that
the neurodevelopmental effects associated with prenatal As exposure
are associated with higher concentrations than those found in the pre-
sent study. Future longitudinal studies are needed to determine if early
exposure to As in ASGM areas is associated with children’s neuro-
developmental status later in childhood.

Our finding of no association between Cd and neurodevelopmental
outcomes (except for male infants on global developmental impairment
when stratifying by sex) is consistent with much of the previous research
(Gustin et al., 2018; Jeong et al., 2015; Rodriguez-Barranco et al., 2013;
Sanders et al., 2015). However, a study by Kim et al (2013) reported an
association between higher levels of prenatal cadmium exposure and
children’s neurodevelopment. Therefore, further research is needed to
clarify the effect of prenatal exposure to Cd on children’s long-term
neurodevelopmental outcomes.

Even though a chemical element may not be associated with signif-
icant neurodevelopmental effects on its own, the interactive effect with
another element could have an unanticipated mixture effect (i.e., ad-
ditive, synergistic, antagonistic or potentiated) on children’s neuro-
development. We found no evidence that prenatal maternal exposure to
either Pb or As on their own was associated with children’s neuro-
development, but when women with high levels of exposure to Hg (i.e.,
at or above reference values), were co-exposed to high levels of either Pb
or As (i.e., at or above reference values), the adverse effects on neuro-
development were potentiated (i.e., worsened). These findings are
consistent with Boucher et al. (2012) who reported a significant syner-
gistic Pb-Hg interaction, where high Pb with increasing Hg concentra-
tions, was associated with cognitive impairment among 9 to 13 years old
Inuit children living in Quebec, Canada. In contrast, an antagonistic Pb-
Hg interaction was reported among children 7 to 14 years of age in the
Faroe Islands (Yorifuji et al. 2011). However, it is possible that a
beneficial effect of nutrients associated with high levels of maternal fish
consumption could have confound the effects of low dose exposure to
mercury and lead (Daniels et al., 2004; Oken et al., 2008). The lack of an
interactive effect between Cd and Pb on neurodevelopmental outcomes,
is consistent with two previous studies, one conducted in Korea (Kim
et al. 2013) and the second based on data form the US National Health
and Nutrition Examination Survey (Ciesielski et al. 2012). These find-
ings support the need for research that examines the interactive effects
of chemical element exposures on children’s neurodevelopment and if
these effects are influenced by maternal nutrient intake and status.
Future research that applies recently developed statistical techniques
such as Bayesian kernel machine regression and weighted quantile sum
regression (Bobb et al., 2015; Valeri et al., 2017) could assist us in better
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understanding the interactive effects of exposure to mixtures of chemi-
cal elements associated with ASGM activities on children’s
neurodevelopment.

Exposure to Pb, Hg, Cd and As has been associated with ASGM ac-
tivities (Dooyema et al., 2012; Nyanza et al., 2014; Tirima et al., 2016)
and one could expect that exposure levels would be correlated. How-
ever, the mode of environmental introduction and pathways of exposure
differ for these chemical elements. For example, in Tanzania, As is a
constituent of most of the gold ore (Nyanza et al. 2014) and is released
into the environment during mechanical and chemical liberation of gold
(Keshavarzi et al., 2012; Nyanza et al., 2014), whereas elemental Hg,
which is used to extract gold from ore (UNEP 2013b), is released into the
environment through the burning of Hg amalgam during the mining
process (Nyanza et al. 2014).

Children living in ASGM areas have the potential to be continuously
exposed to toxic chemical elements through breast milk, contaminated
drinking water, air, and food sources (Bose-O’Reilly et al., 2010; Nyanza
et al., 2014). These factors need to be considered in future studies as
long-term exposure could have increasingly detrimental effects on
neurodevelopment throughout childhood, adolescence and into adult-
hood (Grandjean et al., 2015; Jedrychowski et al., 2007; Oken et al.,
2008)

In the present study, 31% of the infants who resided in ASGM areas
were classified as displaying global neurodevelopmental impairment,
which was associated with prenatal exposure to metallic or metalloid
elements. This supports a need in ASGM communities for immediate
action to reduce exposure to these elements among pregnant women and
women of childbearing age. A first step could be the establishment of
local environmental health and safety committees that could initiate and
implement bylaws on safe mining tailing disposal and promote the
adoption of cleaner mining technologies (i.e., reduction in the use of Hg
in the mining process). In addition, environmental remediation around
hot spots of metallic or metalloid elements has been shown to be suc-
cessful in reducing exposure in other ASGM areas, such as in Zamfara
state, Nigeria (Tirima et al. 2016).

The high rate of neurodevelopmental impairment among infants in
ASGM communities also supports the need for early intervention to
improve long term neurodevelopmental outcomes. Evidence from LMIC
countries has shown that exposing infants to cognitively stimulating
activities enriches their cognitive and social emotional competencies
(Engle et al., 2007; Walker et al., 2007). One way of achieving this could
be through the establishment of early childhood developmental spaces;
dedicated spaces at a health facility or community playground where a
trained community worker could work with caregivers on how they can
best help their child grow and develop.

In Tanzania, the only ongoing health screening conducted for infants
is weight checks, which are done on a monthly basis. No neuro-
developmental screening is conducted at health facilities and staff lack
training in screening children for neurodevelopmental disabilities. Since
the prevalence of neurodevelopmental impairment in areas with ASGM
activities is significant, training staff at local health facilities to screen
for significant impairments using commonly used and validated mea-
sures such as the Ten Question screen could be a first step in initiating
and integrating neurodevelopmental screening services into local health
facilities (Durkin et al. 1994).

This study has some limitations. First, all metallic and metalloid
exposures were based on prenatal maternal concentrations. The actual
amount of the chemical elements transferred to the fetus may vary from
one woman to another depending on maternal health status including
nutritional status. Second, we did not document early childhood illness.
Some of the infants may have experienced a significant childhood illness
prior to the neurodevelopmental assessment that could have moderated
their respective performance. Further, frequent bouts of illness can
reduce infants’ opportunities to explore surrounding environments at
critical periods for learning basic social and intellectual skills, which can
be associated with lower scores on measures of neurodevelopment
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(UNICEF-WHO, 2012). It should be noted, however, that the infants who
participated in this study were assessed when they were not ill or in need
of any medical assistance. Individual children who were ill at the time of
the scheduled assessment were sent for medical attention and resched-
uled when they had completely recovered. Another limitation of this
study is that we examined the total mercury exposure in blood spots
without confirming the speciation. Blood mercury concentrations are
generally accepted as valid biomarkers of methylmercury (Mergler et al.
2007), but without confirmation in this cohort we cannot be certain.
Total mercury may include elemental mercury (HgO0) (also known as
metallic mercury), inorganic mercury compounds (I-Hg) (primarily
mercuric chloride), and organic mercury (primarily methylmercury
(MeHg)). Different mercury species could have differing effects on
children neurodevelopmental outcomes (Counter and Buchanan, 2004).
Future research is needed in ASGM communities that examines mercury
species in the surrounding environment, dietary items, and human blood
and urine. Finally, we did not collect information on fish consumption
among the pregnant women who participated in this study. However,
previous research that has examined fish samples from the Rwamagasa
area in Geita, Tanzania, has revealed Hg concentrations in fish tissue
exceeding the WHO recommended limit for vulnerable groups (0.20
mg/kg) (Taylor et al. 2005). Therefore, the amount of fish that women
consume could influence their level of exposure to Hg and their nutrient
status, which in turn may interact to affect the neurodevelopmental
outcomes of their infants. Future studies are needed in ASGM areas that
untangle the associations among maternal prenatal fish consumption,
Hg exposure and children’s neurodevelopment.

To the best of our knowledge, this study is the first to examine pre-
natal exposure to neurotoxic metallic or metalloid elements and early
neurodevelopmental outcomes in ASGM communities. Also, this is the
first study to examine the effects of exposure to these elements and the
interactions of these elements on neurodevelopmental outcomes in in-
fants in areas with ASGM activities. The use of a validated tool devel-
oped to assess children in rural communities in Africa (i.e., the MDAT)
provides robustness to the findings as the tasks and materials used were
familiar to infants in our local setting. The internal consistency of the
MDAT on all of the neurodevelopmental domains was also high. Further,
the large sample size and direct measurement of prenatal concentrations
of metallic and metalloid exposures using blood and urine provided
added accuracy to the estimation of the prenatal levels of exposure as
compared to indirect measures such as ecological assessment in drinking
water.

In conclusion, infants born to women in areas with ASGM activities
are at significant risk for neurodevelopmental impairment. Prenatal
exposure to higher concentrations of Hg increased the risk of neuro-
developmental impairment among infants. Further, co-exposure to high
concentrations of Hg and Pb, or Hg and As appeared to have negative
potentiated effects on infants’ neurodevelopment. Given the significant
risk of neurodevelopmental impairment among infants living in ASGM
areas of northern Tanzania, initiatives to reduce exposure to these ele-
ments and to improve early childhood development status are clearly
warranted.
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